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Abstract
Information I in holographic imaging of massive particles by star-like
screens is shown to represent the probability of detection based on their
propagator. Results are derived for screens in the shape of a plane, cube
and sphere from unitarity in the exponentially small transition probability
for a detection outside. We derive I = 2pi∆ϕ in log 2 bits for the imag-
ing of a particle by a spherical screen at a relative de Broglie phase ∆ϕ.
Encoding mass, charge, angular momentum or radiation requires at min-
imum four bits. Minimal screens at maximal information density hereby
recover Reissner-Nordstro¨m and extremal Kerr black holes. Applied to
the visible Universe, the Hubble flow of galaxies through the cosmological
event horizon leaves 10121 computations in the future.
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PACS Numbers: 03.67.-a, 03.75.-b, 04.70.Dy, 42.40.-i, 98.80.Qc
1 Introduction
Confronted with quantum mechanics, event horizons of black holes in general
relativity are naturally associated with entropy and temperature consistent with
thermodynamics [1]. More generally, the entropy of matter and fields in three-
space is bounded by the enclosed mass-energy times the radius of an enclosing
sphere [2].
The holographic principle proposes that matter and fields are to be viewed
as images produced by two-dimensional time-like screens [3], which naturally
includes gravitational focusing [4]. Closely related to surface area is the action
integral, which suggests that the holographic principle is related to canonical
quantizations of matter and fields with potentially interesting cosmological ap-
plications [5]. However, a general computational framework remains elusive, in
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part, due to our lack of understanding of the nature of computation in a holo-
graphic representation of the universe. Some detailed entropy calculations are
only recently being explored by computations in space-time near event horizons
based on string theory [6, 7, 8].
Here, we set out to calculate the information required for the encoding of
massive particles from their quantum mechanical propagator. A holographic
screen creates a partition of three space into a region inside and outside. The
propagator defines transition probabilities for a particle prepared inside to be
detected outside. A holographic encoding expresses the logarithm of these prob-
abilities in surface elements on the screen. This suggests a framework for some
concrete calculations based directly from propagators and holography by two-
surfaces. Any discrete representation of information on the screen, e.g., in bits,
hereby leads to a quantization of phase space within.
Our approach is complementary to entanglement entropy [9, 10, 11, 12] in
the division of the quantum system introduced by the screen [13, 14] .
In a binary encoding in finite Planck-sized surface elements, the size of holo-
graphic screens is naturally bounded below by the Schwarzschild radius of the
enclosed particle. Following a detailed discussion on the partition of energies,
this bound can be generalized to charged particles. In the application to cos-
mology, the cosmological event horizon introduces an upper bound on the size
of a holographic screen. The result will be found to have implications for the
problem of computation in cosmology.
Following notation, we describe in §2 information in cuts by planes and in §3
by cubic screens. §4 discusses focusing in wave propagation in general relativity
and §5 information in spherical screens. In §6, minimal binary encoding is
discussed. Following a covariant formulation of the results of §5 in §7, the four-
bit encoding is shown to derive Reissner-Nordstro¨m and extremal Kerr black
hole solutions. In our application to cosmology, we encounter a remarkable
efficiency of computation in Nature. The results indicate a novel bound on the
total number of computations in the future of the visible Universe in response
to the Hubble flow of galaxies through the cosmological event horizon (§8). We
summarize some of our findings in §9.
2 Notation and preliminaries
We start with a topological aspect of oriented two-surfaces of partitioning space
into two disjoint regions. A plane of infinite extent introduces space to the left
with a complement to the right. More generally, a closed two-surface introduces
regions inside and outside according to the Jordan-Brouwer separation theorem
[30, 31]. In the presence of matter, such partition of the domain of a particle
wave function introduces probabilities for the mutually exclusive alternatives
of particle detections in either one of the two regions. We shall refer to such
partition (of the domain) of a wave function by a two-dimensional screen as a
“cut.” For a holographic screen, this raises the question how much information
is associated with the probability of detecting a particle inside (or to the left)
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and the encoding thereof in elementary memory units on its surface.
To be specific, consider the de Broglie matter wave of a particle of mass
m. The wave number k = mc/~ reduces to k = m in natural units with the
velocity of light c = 1 and the reduced Planck constant ~ = 1. Given Newton’s
constant G, we further have the Planck length lp =
√
G~/c3, whereby kl2p = Rg
is the associated gravitational radius. Putting G = 1, we have m = Rg and a
Schwarzschild radius RS = 2Rg.
Given the action integral S = m
∫ B
A ds over a path with end points A and
B, we have the transition amplitude
< B|A >= eiS , S = [φ]BAχ(A,B), (1)
where [ϕ]BA = φ(B)−φ(A) denotes the difference in phase in the de Broglie wave
function at A and B. χ(A,B) = {1, i} represents the local causal structure of
a light cone, where the two values are associated with time like or, respectively,
space like separations between A and B. In case of a time like separation, the
amplitude < B|A > is described by Feynman’s phase factor eiS , whereas in case
of a space like separation, < B|A > is described by the tunneling amplitude e−S
[15].
Consider a particle which is prepared at A to the left of a two-dimensional
screen Σ of infinite extent. The cut of the wave function by Σ defined above
has one degree of freedom given by its distance to A. Here, the distance is
expressed by the transition amplitude for the particle to be found to the right
of Σ in a subsequent measurement. By covariance of (1), the resulting transition
probabilities are Lorentz invariant. Integrating out momenta of the particle at
A and B, the result is a propagator (e.g. [15]). Whenever the distance of
Σ to A is macroscopic relative to the de Broglie wave length λ = 2pi/k, the
transition probability will be exponentially small since χ(A,B) = i for space
like separations. Let P+ denote the probability of finding the particle to the
left. Then the probability P− for a detection to the right in a subsequent
measurement satisfies
P− + P+ ≡ 1 (2)
by unitarity. It defines the information in a cut, i.e., the Shannon informa-
tion − logP+ is required to satisfy (2) exactly, i.e., P± must obtain by exact
arithmetic on a finite state machine.
We set out to describe the relation between information of a cut and surface
area associated with curvature and information encoding. The result illustrates
holographic imaging by focusing of null trajectories as described by the Ray-
chaudhuri equation, wherein particles appear by interference of matter waves.
Our discussion is hereby different from existing discussions on entropic consider-
ations, in relying on (1-2) with no reference to temperature or thermodynamics.
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Figure 1: (Left.) A flat screen of infinite extent partitions space in region H±
to the left (+) and to the right (−), where the probabilities of finding a particle
satisfies unitarity. Prepared in (+) at distance s from the screen, I = − logP+ ≃
2ks is the information in the cut of the wave function. The information in two
independent plane parallel cuts at distances s1 and s2, s = s1+s2, to m satisfies
I = 2ks (middle) and, for a cube (right), I = 6ks, where dashed lines refer to
the intersection of the third pair of parallel planes.
3 Information in a plane and a cubic screen
Following (1), a particle prepared at a location r1 at A has a probability P− to
be detected at r2 at B in a subsequent measurement, satisfying [15]
p(s) =
〈
0|φ(r2)†φ(r1)|0
〉 ≃ e−ks, (3)
where s = |r2 − r1| is the space like separation between A and B. We here
tacitly integrate out the phase space of momenta at r± as well as time between
measurements.
If the particle is prepared at one side of a screen at a distance s, it leaves a
small but nevertheless finite probability P− to be subsequently detected at the
other side (Fig. 1). This probability is exponentially small whenever s is larger
than the de Broglie wave length of the particle. An elementary calculation shows
P−(s) ≃
∫
H−
e−2krd3x ≃ pis
2k2
e−2ks. (4)
It varies with the distance s from being exponentially close to 1, to 12 on the
screen at s = 0, to exponentially small across. By (2), the cut of a wave
function created by a screen is hereby parameterized by a probability. The phase
difference [ϕ]BA = ks across a space like separation s is a covariant factor in the
action integral (1). Subject to a Lorentz transformation, the distance interval
s may contract by a Lorentz factor Γ, but the product of mass m = Γm0 and
s/Γ is constant.
The Shannon information I in (4) is log 2 times the number of bits required
to accurately resolve its numerical value. At macroscopic separations relative
to the de Broglie wave length of the particle, P− is exponentially small. In this
4
4 EINSTEIN AREA AND LENSING
limit, the number of bits required scales linearly with the separation s. To be
precise, I = − logP− satisfies
I(s) ≃ 2ks, (5)
where we neglect higher order logarithmic terms. Two independent cuts by
additional parallel planes at positions given by separations s1 and s2 to m carry
information (5) with s = s1 + s2 (Fig. 1).
If I(s) is encoded in units of one bit, a 1-bit uncertainty in (5), 1 = 2k∆s,
satisfies the uncertainty relation
∆p∆s =
1
2
~, (6)
where ∆p = mc. In a holographic picture, therefore, the uncertainty relation
(6) in an image follows from the quantization of distance information in bits.
Extending the above, three pairs of plane parallel surfaces about m forms a
cube of side length l. Its six faces introduce six (independent) cuts of the wave
function of m, giving a total information
I = 6kl (7)
on a total surface area of 6l2. We will elaborate on this further in §6 below.
The binary alternatives of detecting a particle inside or outside a screen is
naturally encoded in bits. In this event, (5) refers to log 2 times the number of
bits. However, in considering these alternative outcomes of a measurement, the
presence of one particle is a prior. The true number of states in the elementary
memory units may therefore be larger than two, e.g., three in {−1, 0, 1} with 0
in reference to the absence of a particle and {−1, 1} otherwise. Some support
for three-state memory units can be inferred from the spectrum of eigenmodes
of black hole event horizons [16, 17].
4 Einstein area and lensing
We next recall some basic elements from general relativity associated with mas-
sive objects.
4.1 Einstein area
The geometric aspect of curvature is manifest in the focusing of null trajectories.
In what follows, we shall work in the limit of time symmetry, defined by the
vanishing of the extrinsic curvature tensor in a choice of foliation in Cauchy
surfaces of constant coordinate time t with three metric hij and associated
covariant derivative Di.
Consider the divergence θ = Dis
i, where si is the unit normal along the
projection of a congruence of null-vectors ka (k2 = 0) onto a Cauchy surface.
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By Gauss’s law, the surface area of a de Broglie wave front emanating from a
point particle satisfies
Af =
∫
V
θ
√
hd3x, (8)
where hij denotes the three-metric of surfaces of constant time at infinity. If τ
denotes the time measured by a local static observer, we have
Af =
∫
V
(
θ0 +
∫ τ(xi)
0
[
dθ
dτ
dτ
])√
hd3x = A−AE , (9)
where A is the surface area of the wave front in the limit of Euclidean space and
AE = −
∫
D
dθ
dτ
√
hNd4x (10)
is the Einstein area. Here, N denotes the lapse function, whereby dτ = Ndt,
and D is finite four-volume associated with an interval of time ∆t as measured
at infinity. The Einstein area expresses the regression in the wave front due to
focusing whenever dθ/dτ < 0. Area regression (9) can be expressed in terms of
focusing, transforming a spherical opening angle dΩ in the limit of flat space
into
dΩ′ =
(
1− AE
A
)
dΩ. (11)
Let τ denote the affine parameter of the null-trajectories. Then uak
a = −1
is satisfied by the velocity four-vector ub of a local static observer. According
to the linearized Raychaudhuri equation, focusing is expressed in terms of the
Ricci tensor Rab,
dθ
dτ
= −Rabkakb. (12)
General relativity postulates Rabk
akb = 8piρ in the presence of matter with
density ρ with three-volume integral m. If m is at a distance s from a closed
surface Σ, then [20]
Af = 4pir
2 − 8pims→ 4pir2 − 8pimr = A
(
1− 2m
r
)
, (13)
where the limit follows when Σ is a sphere of radius r around m at its center.
The Einstein area
AE = 8pimr (14)
(four times the circumference times mass) represents a wave front regression in
the area A = 4pir2 by a factor 1 − 2m/r. With maximal regression occurring
for Af = 0, we have the general inequality
AE ≤ 4pir2. (15)
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Upon identifying a wave front with a holographic screen, the Einstein area is
representative for the information encoded in the process of holographic imaging
of the enclosed mass.
4.2 Gravitational lensing
Regression (9) attributed to focusing (11) reflects, equivalently, an increase in
poloidal surface area by AE/4 for a given wave front area Af . In weak gravity,
the trajectory of a null-geodesic appears in the approximation of flat space with
an angular deficiency θe about a vertex at m, satisfying
1
2
θer
2 =
1
4
AE . (16)
A photon in the poloidal plane hereby deflects according to
dθe
dθ
=
θe
2pi
=
AE
A
, (17)
giving the familiar focusing angle
ϕE = 2m
∫ π
0
dθ
r
=
4m
b
(18)
of general relativity, where b = r cos θ denotes the impact parameter of light
passing by m. Wave front regression by the Einstein area AE in (14) is inextri-
cably linked to lensing.
5 Information in spherical screens
We next turn to the problem of holography by screens of spherical shape. To
derive this, we first recall some principle facts in radiation, to establish a com-
mon ground between optical holography and holography by de Broglie matter
waves.
5.1 Optical holography
In optical holography, the information projected out from a surface element
is in proportion to its surface area ∆A and the spherical opening angle ∆Ω
subtended along a line of sight. The information projected out hereby satisfies
the same scaling as radiation intensity in electromagnetic radiation [18].
In particular, we recall the specific radiation intensity, i, given by the ra-
diation per unit surface area and unit opening angle, which is conserved along
a given line of sight. This property follows directly from consideration of light
passing through two surface elements normal to a light ray. Let Ak (k = 1, 2)
denote their surface area and d their separation distance. Associated with the
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bundle of light rays passing through both surface elements are two spherical
opening angles Ωk, satisfying
A2 = d
2Ω1, A1 = d
2Ω2. (19)
Since the photon flux Lk = ikAkΩk passing through each surface element is
conserved,
i1A1Ω1 = i2A2Ω2, (20)
(19-20) combined implies the classical result
i1 = i2. (21)
Next, consider a point source described by a specific intensity i as a function
of direction, e.g., the angles ξ = (θ, φ) in a spherical coordinate system (r, θ, φ).
Since a point source is a singular limit, we may define i by introducing a fiducial
(small) surface area A1 = As of the source, such that
L = As
∫
ξǫS2
i dξ1dξ2 (22)
is the total luminosity, where integration is over the unit 2-sphere S2. Since i
does not depend on r, we have,
L = As
∫
xǫS
i dΩx (23)
for integration over a sphere S of radius r centered about the point source.
The integral on the right hand-side of (23) is invariant for any star-shaped
surface C, possessing a 1-1 mapping to S by rays emanating from the origin. In
particular, a cube is a star-shaped surface relative to its geometric center.
We are at liberty to attribute light passing through to C to a specific intensity
of C itself. In this event, i′ = (As/A)i, where A is the total surface area of C,
whereby
L = A
∫
xǫC
i′(x)dΩx (24)
for any star-shaped surface C.
In optical holography, information is projected out by interference between
light rays. The information on a screen in optical holography hereby scales with
the number of light rays passing through. The information density, i.e., infor-
mation per unit surface area and unit spherical opening angle, hereby satisfies
the same conservation law (21) as specific intensity of light with an associated
total information (24). In what follows, therefore, we shall identify information
I in holographic encoding with L in (24) with the associated specific information
density
i =
L
4piA
=
1
4pi
∫
xǫC
i′(x)dΩx. (25)
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5.2 Holography by de Broglie waves
Imaging or, more generally, pattern formation, by wave interference is a common
principle of wave motion, in electromagnetic and matter waves alike. We next
consider interference in de Broglie matter waves similarly to optical holography.
In general relativity, parallel transport of geodesic deviation vectors along
null-rays may be viewed as propagation of information in (transverse) 2-surfaces.
It represents the imprint of intervening matter, more commonly studied as grav-
itational lensing of light passing on to an observer from a background source.
The information in geodesic deviation scales with the observer’s solid angle to
the image plane, in exact analogy to the specific radiation intensity in optics
discussed above.
Following (7), we consider cube with a mass m at its center, formed by six
faces each at a distance s = l/2. With a total information I = 6kl on a total
surface area A = 6l2, we have a specific information intensity
i′ =
k
8pis
. (26)
The cube being star-shaped, the same (26) holds for a sphere S of radius s = l/2
within the cube, where s is much greater than the Schwarzschild radius of m.
By (24-25), the total information on S is
I = 4pis2
∫
Ω
∫
xǫS
i′dΩ = 2piks. (27)
In passing from a cube to a sphere, we note that (27) is pi/6, i.e., about one-half
of I = 12ks in (7) due to the discrepant surface areas of C and S.
Upon multiplication of k with l2p, where l
2
p = 1 in natural units with G = 1,
(27) may be expressed in an equivalent surface area
AI = 2pims (28)
containing the information in holographic imaging.
6 Minimal binary encoding
In the present approach, holographic encoding is that of the binary alternatives
of particle detections inside or outside of a closed surface. This gives a natural
starting point for encoding in bits consistent with the uncertainty principle (6).
On an orientable two-surface, each memory cell is oriented. This allows each
memory state to refer a particle facing inside or outside. (The sum of these
states defines the total probability of the particle being in or out.) The total
information comprised by the information of all bits on a screen then represents
distances of point particles within (§3).
For a detailed encoding, we next consider the problem of elementary memory
units, each comprising a certain fixed number of bits. Relative to the normal to
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the surface, the notion of a particle being inside or outside applies analogously
to electric charge, angular momentum and radiation. In a binary encoding, zero
electric charge or zero angular momentum would be a result of zero expectation
in a binary encoding over all memory units on a screen. A binary encoding for
mass, charge and angular momentum as simultaneously measurable quantities
comprises 8 states and, correspondingly requires 3 bits. Electromagnetic and
gravitational radiation each have two polarizations and their wave vector may
point inwards or outwards; each representing 4 states, they combined represent
a further 8 states.
This heuristic discrete counting argument shows a minimal encoding of 16
different states, which requires memory units of at least 4 bits (a nibble).
7 A covariant formulation
Our starting point is (27-28) and the encoding of enclosed mass in 1 out of 4
bit memory on the screen. If k is a local wave number of the de Broglie matter
wave and dr is a coordinate distance, then
dI = 2pidϕ (29)
where dϕ = kdr is a corresponding phase difference of the de Broglie wave as a
general expression in curved space-time.
For a covariant formulation of (29) in spherically symmetric space-time, re-
call the Schwarzschild space-time in spherical coordinates (t, r, θ, φ). In geomet-
rical units (Newton’s constant and the velocity of light satisfying G = c = 1) is
described by the line-element
ds2 = −α2dt2 + 1
α2
dr2 + r2dθ2 + r2 sin2 θdφ2 (30)
with redshift factor α =
√
1− 2M/r. Outside the Schwarzschild radius RS =
2M , we have
k =
k0
α
, (31)
where k0 = ω = dϕ/dt =M is the time rate-of-change of phase as measured at
infinity. The distance of a spherical screen of radius r to the event horizon is
∆ϕ = k0
∫ r
RS
dr
α
=M [f(x)]xx=2, (32)
where x = r/M and
f(x) = xh + αx+ ln(αx+ x− 1), (33)
where xh denotes an integration constant. Integration of (29) thus generalizes
(28) to
AI = 2pil
2
p∆ϕ =


2piMsh (r = RS)
2piMr (r >> RS)
(34)
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where sh =Mxh represents the scaled integration constant in (33).
To illustrate our approach of conformal quantization of holographic infor-
mation in the Einstein areas AE of discretize surface elements, we next turn to
black holes with charge.
7.1 Reissner-Nordstro¨m black holes
For a charged black hole, consider the de-redshifted total mass energym = m(r)
within a screen at r,
m =M − EQ, EQ = Q
2
2r
. (35)
By (34), the Einstein area A−E attains the limit 4A
−
I = 8pimsh in a one-bit
encoding of the enclosed mass-energy m, i.e., when
8pimsh = 4piR
2
S. (36)
A two-bit encoding of M , comprising m and EQ, gives for the total Einstein
area per unit surface area A = 4pir2
n ≡ A
−
E +A
+
E
A
= 1 +
Q2
R2S
, (37)
where A+E = 8piEQr by (34). Here, the second equation holds at saturation
A−E = 4piR
2
S , when the Einstein area equals a wave-front area. In this saturated
limit, the information density involving two bits is n/4. We have, by (34) once
more,
8piMsh
n
= 4piR2S . (38)
Combined, the equations (36-38) give
R2S − 2Msh +Q2(sh/RS) = 0, R2S − 2Msh +Q2 = 0. (39)
The solution is the familiar Reissner-Nordstro¨m outer radius
RS =M +
√
M2 −Q2, sh = RS . (40)
A convenient parameterization of (40) is Q/M = sinλ, whereby RS =
2M cos2(λ/2). By (40), (36) explicitly expresses the surface area AH = 4piR
2
S
of the black hole by the enclosed mass-energy
AH = 16pim
2. (41)
Upon associating AH with entropy [21, 22], AH is non-decreasing by the second
law of thermodynamics (e.g. [19]), whence m is commonly referred to as the
irreducible mass. The result is
m =
√
AH
AS
M =M cos2(λ/2), EQ =M sin2(λ/2), (42)
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where AS = 16piM
2 denotes the horizon surface area of a Schwarzschild black
hole of total mass M . Note that m =M/2 for an extremal Reissner-Nordstro¨m
black hole associated with AH/AS = 1/4.
7.2 Extremal Kerr black holes
Equation (38) illustrates that AH decreases with an increase in the free energy in
the electromagnetic field. A similar result holds as a result of energy in angular
momentum. Since angular momentum is a vector, the area decrease is defined
locally by the component of total angular momentum normal to each surface
element of the screen.
According to (25), the specific information density can be evaluated at large
distances, i.e., on the celestial sphere in an asymptotically flat space. Adopting
a spherical coordinate system (r, θ, φ) alined with J . The above mentioned
scaling is hereby maximal at a polar surface element and zero on the equator.
The Einstein area assumed for angular momentum is hereby less than that for
encoding Q by a factor
η =
∫ pi
2
0
cos θ sin θdθ∫ pi
2
0 sin θdθ
=
1
2
. (43)
The reduction in AH/AS of an extremal Kerr black hole is hereby more moderate
than that for an extremal Reissner-Nordstro¨m black hole of the same total mass
M by a factor of two, giving AH/AS = 1/2. Let EJ denote the rotational energy
associated with J . Equation (42) now implies
m =M − EJ ≥ 1√
2
M. (44)
Equality in (44) obtains the extreme limit of the general Kerr solution EJ =
2M sin2(µ/4), J = aM , sinµ = a/M , satisfying m = M cos(µ/2). A general-
ization of our arguments to deriving this more general result seems of interest,
but falls outside the scope of the present discussion.
8 Computation in cosmology
For a cosmological distribution of matter, we sum (27) over the wave numbers
k associated with each galaxy with r given by the Hubble radius RH , that sets
the maximal size of a screen encoding our visible Universe, giving
AI = 2piNRgRH , (45)
where N ≃ 1011 denotes the number of galaxies in the visible universe, Rg =
GMg/c
2 ≃ 1016 cm is the gravitational radius of the baryonic mass Mg =
1011M⊙ of a typical galaxy and RH = c/H0 ≃ 1.4 × 1028 cm for a Hubble
constant H0 ≃ 68 km s−1 Mpc−1 [39]. Encoding the positions of M = NMg, I
12
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is about 20% of the total information that can be encoded on the cosmological
event horizon, since AE/AH = 0.22, where AH = 4piR
2
H . Including dark matter,
I is a fraction of essentially unity of the cosmological information bound on
phase space. The large cosmological phase space is not superfluous, but should
be viewed for its potential computational effort [5], and here identified with the
encoding of location of all matter in the visible universe.
Our cosmological information I appears to be particularly large when com-
pared with the total entropy S of the universe. This is remarkable in view of
the exceedingly uniform distribution of the cosmic microwave background (and
the large scale structure of matter) in the Universe [32]. Presently, the entropy
is about 1087 in the cosmic microwave background and well over 10100 in su-
permassive black holes ([33, 34], (46-49) below), representing 0.1% of the mass
of their host galaxies. These two contributions are exceedingly low compared
to the present cosmological entropy bound by a factor of, respectively, about
1036 and, respectively, 1023. Has the Universe always been in a state of efficient
computing?
Following thermodynamic arguments, consider the non-relativistic state and
leading order evolution of the universe. Below a redshift ze at which the en-
ergy density in radiation dropped to that of matter (dark matter and baryonic
matter), evolution follows a matter dominated universe up to about z ≃ 0.5
[35, 36], beyond which there is a gradual transition to a de Sitter phase [37, 38].
For a leading order estimate, we here follow a matter dominated evolution up
to the present. Based on Planck [39], we estimate a redshift ze ≃ 20, 000 at a
temperature Te ∼ 6× 104 K (cf. [40]).
The ratio of entropy in the visible universe is mostly S = (4/3)αT 3V in
electromagnetic radiation, where α = pi2k2B/15c
3
~
3 = 7.56 × 10−15 erg cm−3
K−4 is the black body constant, kB = 1.38× 10−16 erg K−1 is the Boltzmann
constant and V denotes the Hubble volume. Expressed as r = S/SH relative
to the maximal entropy SH = kBAH/4l
2
p of the cosmological event horizon, we
have
r =
16α
9kB
T 3RH l
2
p, (46)
Thus, the present value r = r0 is 6.7 × 10−35. Upon including the entropy of
supermassive black holes, r remains small given the limited ratio of ∼ 5× 10−17
in the total surface area of their event horizons to that of the cosmological event
horizon. The ratio (46) attained a value re at ze higher than the present value
by a limited factor
re
r0
=
(
Te
T0
)3(
1
1 + ze
)3/2
≃ 2.6× 106. (47)
During a prior epoch of inflation, consider the Sitter temperature kBT = H~/2pi
[41, 42]. We then have (adapted from [43])
kBT =
H~
4pi
(1− q) ≤ H~
2pi
(48)
13
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in terms of the deceleration parameter q = −a¨a/a˙2. The entropy S0 = (4/3)αT 3
in the de Sitter radiation hereby satisfies S0 ≤ 2/135. Relative to SH ≥ 4l2p, we
have
r ≤ 1
270
< 0.37%. (49)
Combined, (46), (47) and (49) show that r remained small at all times.
9 Conclusion and discussion
We derive information in holographic screens from transition probabilities across
a cut of the quantum mechanical de Broglie wave function. Two-dimensional
surfaces hereby carry Shannon information representing exact unitarity of the
binary alternatives of particle detections inside or outside. The latter is readily
extended to radiation propagating in or out. At a minimum, binary encod-
ing of mass, charge, angular momentum or radiation requires surface elements
containing four bits.
Encoding an enclosed (de-redshifted) mass energym requires an information
I = 2∆ϕ, I = 12∆ϕ, I = 2pi∆ϕ (50)
at a distance measured in de Broglie phase difference ∆ϕ away from a flat screen,
at the center of a cube of linear size 2∆ϕ and at the center of a spherical screen of
radius ∆ϕ, respectively. For the first, discretization in bits is closely associated
with the Heisenberg uncertainty relation (6). For the latter, an extremal cut
obtains in the limit as the Einstein area AE = 4I equals the wave front area
Af , i.e., a minimal screen enveloping the event horizon of a black hole in the
encoding of mass enclosed within by four-bit surface elements. In free fall, the
screen would become null and its information would appear as entropy to an
outside observer. For Reissner-Nordstro¨m black holes, a reduced area of the
event horizon represents the mass-encoding of irreducible mass within, given by
the total mass-energy less the mass-energy in the external electromagnetic field.
Encoding specific to the type of mass-energy, see further [28, 29, 23], explains
the apparent discrepancy by a factor of two in de Hoop conjecture [23] arising
from electric charge [24, 25]. Similar considerations seem to apply to black holes
with angular momentum.
In deriving information from a propagator, there is no local coupling in
emergent gravitation (e.g. [27]) to a four-covariant vacuum. For instance, the
cosmological constant Λ0 ≃ l−4p [26] predicted by quantum field theory gives
rise to a four-covariant stress-energy tensor Λ0gab. The associated propagator is
trivial, given a zero prior on the number of particles. The information associated
with any cut (any screen) is hereby zero, since there is nothing to image. This
decoupling of Λ0 obviates the need for the Universe to be finite [44]. The small
positive value of the observed cosmological constant Λ inferred from the present
epoch of accelerated expansion [35] has a different origin, e.g., in a finite de
Sitter temperature of the cosmological event horizon [45].
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According (45), our cosmological information I representing the matter dis-
tribution in the visible Universe is about maximal. The latter has previously
been considered as a bound on the rate of computation in the Universe [5].
Here, we identify this bound with the information required in imaging the mi-
crophysical distribution of matter in the Universe. Present concordance with a
near-maximum deepens the already mysteriously low entropy in the universe.
Since the answer is not explained by basic thermodynamic considerations (§8), it
appears to be related to the problem of extremely efficient computing in Nature.
Following [46, 5], a given mass energyM0c
2 defines a rate of computation set
by the rate of change in total phase in units of pi/2. (One pass through 2pi is a
four bit calculation.) The present cosmological computational effort in imaging
the visible Universe is on the order of
n˙0 =
2M0c
2
pi~
=
c5
H0Gpi~
≃ 5× 10103 s−1, (51)
where M0 = NMg by (45). We can extrapolate to the future based on the
currently observed transition to the accelerated expansion state of the Universe,
characterized by q0 < 0 [35] with a positive Hubble flow of galaxies passing
through the cosmological event horizon. This Hubble flow implies a gradual
decrease in AI as information leaves the visible Universe. Using the present
Hubble constant as a proxy for the future in a standard ΛCDM cosmology,
M(t) ≃ M0e−3H0t. By (51), the future of the visible Universe holds a finite
number of computations
n ≃ n˙0
3H0
≃ 8× 10120. (52)
At large time in the future dark energy appears as an entropic remnant of the
latter on a Hubble time scale (cf. [47]) and calculations gradually cease.
Acknowledgments. The author thanks Ee Chang-Young and Paul Stein-
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mous referee.
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